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013.07.0Abstract This paper concentrates on the aeroelasticity analysis of rotor blade and rotor control
systems. A new multi-body dynamics model is established to predict both rotor pitch link loads
and swashplate servo loads. Two helicopter rotors of UH-60A and SA349/2, both operating in
two critical ﬂight conditions, high-speed ﬂight and high-thrust ﬂight, are studied. The analysis
shows good agreements with the ﬂight test data and the calculation results using CAMRAD II.
The mechanisms of rotor control loads are then analyzed in details based on the present predictions
and the ﬂight test data. In high-speed conditions, the pitch link loads are dominated by the integral
of blade pitching moments, which are generated by cyclic pitch control. In high-thrust conditions,
the positive pitching loads in the advancing side are caused by high collective pitch angle, and
dynamic stall in the retreating side excites high-frequency responses. The swashplate servo loads
are predominated by the rotor pitch link loads, and the inertia of the swashplate has signiﬁcant
effects on high-frequency harmonics of the servo loads.
ª 2013 Production and hosting by Elsevier Ltd. on behalf of CSAA & BUAA.
Open access under CC BY-NC-ND license.1. Introduction
The excessive control load is a limit factor of a helicopter’s
operational ﬂight envelope. When a helicopter approaches
ﬂight boundary, nonlinear aeroelastic responses will be
strengthened by the serious aerodynamic environment. It is
difﬁcult to implement pitch control due to rapid increasing
of control loads and vibrations, which also lead to fatigue of
structural components. In high-performance rotorcraft design62792661.
. Sun), windtam2003@gmail.
n (H. Wang).
orial Committee of CJA.
g by Elsevier
ing by Elsevier Ltd. on behalf of C
29phase, it is important to develop reliable analytic tools and im-
prove understanding of rotor control system loads.
Accurate prediction of rotor loads is still a difﬁcult mission
in helicopter preliminary design, especially for calculations of
blade torsion moments and pitch link loads.1 The coupling ef-
fects, which are associated with unsteady aerodynamics, pitch
control input, blade rigid motions, and elastic deformations,
have complicated inﬂuences on the structures. It is necessary
to embody all the effects in a synthetic way. In recent years,
several comprehensive models are formed by improving both
of the aerodynamic and structural models. CAMRAD II was
coupled with a Navier–Stokes CFD code OVERFLOW.2 A
similar CFD/CSD coupling method was developed by
Sitaraman, et al.3,4 The CFD/CSD coupling method can
greatly improve the precision of calculations, but there are still
a lot of works to enhance the efﬁciency and practicality for
engineering applications.SAA & BUAA. Open access under CC BY-NC-ND license.
Fig. 2 Multi-body structural model of the isolated rotor.
Investigation of rotor control system loads 1115Most of the researches focus on the methodological study
of rotor load prediction, but there are few researchers devoting
attentions to studying the inherent physics of rotor control sys-
tem loads in depth. Therefore, a new multi-body analytic mod-
el with high efﬁciency and expansibility is developed in the
frame of a comprehensive aeroelasticity method5,6 to predict
rotor pitch link loads and swashplate servo loads in boundary
ﬂight conditions in this paper, and the basic mechanisms of ro-
tor control system loads are then studied through ﬂight test
data and theoretical analytic results. Finally, the main factors
which inﬂuence rotor control system loads are discussed.
2. Comprehensive analytic method
The derivations of the coupled rotor/swashplate equations of
motions are based on Hamilton’s principle, which can be ex-
pressed asZ t2
t1
½dU dT dWdt ¼ 0 ð1Þ
where U is the strain energy, T the kinetic energy, and W the
work done by aerodynamic forces and other externally applied
forces. These virtual variations include contributions of both
the blade and the swashplate.
2.1. Coordinate systems and transformations
In order to describe the complex ﬂexible deformations and ri-
gid motions of the rotor system, several coordinate systems are
established (see Fig. 1): the inertial reference frame [in jn kn]
T is
ﬁxed at the center of the hub; the body reference [ii ji ki]
T
frames are deﬁned at the hinge joints to represent rotation,
ﬂap, lag, and pitch; the deformations of blade are described
by the undeformation reference frame [i2 j2 k2]
T and the defor-
mation reference frame [i1 j1 k1]
T, which are ﬁxed at the blade
root and attached at each point along the deformed axes,
respectively.
Hartenberg-Denavit transformation7 is used in the present
model to calculate the variables which represent the motions
of the rotor system. The transformation matrix Ti between
two adjacent coordinate frames is augmented as
Hi ¼
Ti 0
xi 1
 
ð2Þ
where xi is the position vector of origin of the ith reference
frame in the (i+1)th reference frame. The vector Ri in the
ith reference frame is extended as
Si ¼ ðxi yi zi 1Þ ¼ ðRi 1Þ ð3Þ
Then Si can be expressed as
Si ¼ ðxi yi zi 1Þ ¼ Si1Hi1 ð4ÞFig. 1 Rotor coordinate systems.An arbitrary point in the inertial coordinate system of the
rotor blade or hub can be obtained through the following
recursive calculation,
Sn ¼ ðxn yn zn 1Þ ¼ Sn1Hn1
¼ S1H1   Hi   Hn1 ¼ ðRn 1Þ
ð5Þ
Finally, all of the variables that represent the motions of the
rotor system are obtained through the recursive formulations.
The fore treatment process is accomplished by manipulating
the augmented matrices. Any change in the conﬁguration of
the rotor or reﬁnement in the blade model can be easily in-
cluded in the present model without any reformulation.
2.2. Structural model of rotor system
The isolated rotor model is composed of four types of compo-
nents: rigid body element, ﬂexible blade, force element, and
hinge joint (see Fig. 2). The rotor hub and the pitch horn are
modeled as rigid body elements. The blade is represented by
a ﬂexible beam, where the straight portion and the swept tip
are discretized by several ﬁve-node 15-DOF nonlinear beam
elements.8 All of the elements are connected by hinge joints
and boundary nodes. In order to maintain the tree-like topo-
logical structures, the pitch link and the lag damper are treated
as linear spring–damper force elements.
Fig. 3 shows the representation of the coupled rotor/swash-
plate model. The isolated rotor models and the swashplate-ser-
vo model are connected together by the pitch links. The forces
and displacements are transferred through the pushrods. The
servos are modeled as linear spring–damper force elements
and ﬁxed in the inertia frame.
The swashplate is treated as a rigid thin disk. The motions
of the disk are constrained by a slip and a spherical hingeFig. 3 Representation of the coupled rotor/swashplate system
model.
1116 T. Sun et al.which are attached to the rotation axes. Because the rotational
speed is a constant, the motions of the swashplate are repre-
sented by three DOFs: heave, pitch, and roll. A vertical dis-
placement and two Cardano angles are introduced as
generalized coordinates,
xx
xy
xz
2
64
3
75 ¼
cos a cosb 0 sinb
0 cos b  sin a
 cos a sinb sin a 1
2
64
3
75
_a
_b
_w
2
64
3
75 ð6Þ
where a, b, and w are the roll angle, the pitch angle, and the
azimuth of the disk, respectively; xx, xy, and xz are the angu-
lar velocity. Then, we can obtain the variation of kinetic en-
ergy for the swashplate as
dTs ¼
X2
j¼1
Ixxxx
oxx
oqj
þ Iyyxy oxyoqj
þ Izzxz oxz
r@qj
 !
dqj
Ms€q3dq3 ð7Þ
where Ixx, Iyy, Izz, andMs are the moments of inertia about the
three coordinate axes and the mass of the swashplate, respec-
tively; and the generalized coordinates q1, q2, and q3 represent
a, b, and the vertical displacement of the disk, respectively. The
generalized forces which are applied on the swashplate by the
pitch links are expressed as follows:
QPLs;1 ¼
XNb
i¼1
Fpli sin wi þ hpl
 
rpl
QPLs;2 ¼ 
XNb
i¼1
Fpli cosðwi þ hplÞrpl
QPLs;3 ¼
XNb
i¼1
Fpli
8>>>>><
>>>>>:
ð8Þ
where Nb is the number of rotor blades, Fpli the pitch link load
of the ith blade, hpl the phase difference between a blade and its
pitch pushrod, rpl the radius of the point where the pushrod is
attached to the swashplate, subscript ‘‘s’’ denotes the swash-
plate, and superscript ‘‘PL’’ denotes the pitch link.
2.3. Rotor aerodynamic loads
A lifting-line/free-wake method which includes calculations of
rotor induced inﬂow and unsteady aerodynamic responses in
arbitrary motions, is adopted to simulate the rotor blade aero-
dynamic loads in the present research. The C81 look-up tables
for the airfoils of SC1095, SC1095R8, and OA209 are used to
incorporate the steady aerodynamic characteristics of the
blades. The Leishman-Beddoes unsteady/dynamic stall models
with the form of Duhamel integral are utilized to formulate the
unsteady aerodynamics loadings in attached ﬂow and stall.9,10
The stall onset criterion and reattachment boundary condition
are modiﬁed11 to improve accuracy of unsteady blade airloads
in highly loaded dynamic stall ﬂight.
The rotor induced inﬂow is predicted by a second-order
time-step free-wake method with high efﬁciency.12 This meth-
od is based on the assumption of an incompressible ﬂow, with
all of the vorticity in the rotor wake discretized into straight-
line vortex ﬁlaments. Vortex ﬁlaments are shed from blades
through the Betz roll-up law, and the induced velocity of vor-
tex ﬁlaments is calculated by the Biot-Savart law. To avoid the
singularity problem in the calculation of the induced velocity, aviscous effect is integrated into the Vatistas vortex model,13
and the growth in the viscous core radius of a blade tip vortex
is also considered.14
2.4. Analytic process
Based on the generalized force formation, the nonlinear
dynamic equations of the rotor blades and swashplate coupled
system are expressed in the following implicit forms:
QKEb;i €q; _q; q; tð Þ þQUb;iðq; tÞ ¼ QAb;ið _q; q; tÞ QPLb;i _q; q; tð Þ
QKEs;j €q; _q; q; tð Þ ¼ QPls;jð _q; q; tÞ QSLs;j ð _q; q; tÞ
ði ¼ 1;NbðNU þ 3Þ; j ¼ 1; 3Þ
8><
>:
ð9Þ
where Q is the generalized forces vector, q the
generalized displacements vector, NU the number of nodal
elastic displacements, subscript ‘‘b’’ denotes the rotor blade,
superscripts ‘‘KE’’, ‘‘U’’, ‘‘A’’, and ‘‘E’’ denote kinetic en-
ergy, strain energy, aerodynamics, and eternally applied
forces, respectively, and superscript SL denotes the servo
link. In order to avoid introducing algebraic constrain equa-
tions, the rigid motions of ﬂap, lag, and pitch are regarded
as generalized coordinates. Eq. (9) are then simpliﬁed with
Taylor expansion, and the iterative scheme is shown as
follows:
M€qþ C _qþ Kq ¼ QA _q; q; tð Þ QKE €q; _q; q; tð Þ QUðqÞ
QEð _q; qÞ ð10Þ
Eq. (10) is solved by the Newmark integration method. The
tangential matrices of mass, stiffness, and damping are ob-
tained through the recursive formulations. The generalized
forces caused by aerodynamics are iterated through a predic-
tor–corrector way in every time step. In order to capture the
effects caused by the rapid shedding of the leading-edge vortex
in dynamic stall, four-degree azimuth is adopted for the step
length in highly loaded ﬂight conditions.
The process of comprehensive analysis is shown in Fig. 4.
The free wake model, the C81 look-up table, and the Leish-
man-Beddoes unsteady/dynamic stall model are coupled with
the structural model through a trim procedure. The pitch con-
trol inputs and the attitude angles of fuselage are calculated by
the algebraic equations for free ﬂight trim to match the speciﬁc
ﬂight condition. The motions of the quarter chord are used to
calculate the blade unsteady aerodynamic responses. When the
control inputs are modiﬁed, the non-uniform inﬂow is
updated.
The present method is suitable for rotor load prediction in
preliminary design and strength check of detail design with
high efﬁciency. For a four-blade rotor, the computing time is
less than 30 min by using a PC with a Pentium dual-core
CPU and 2 GB memories.3. Aeroelastic analysis
Table 1 and Fig. 5 show the operating conditions of UH-60A15
and SA349/216 in present analysis. There are similar test con-
ditions in high-speed cases. For high-thrust conditions, a mod-
erate advance ratio level ﬂight of UH-60A and a steady turn
with high speed of SA349/2 are selected. The two conditions
Fig. 4 Block diagram of the comprehensive analytic method.
Fig. 5 Test ﬂight envelopes of UH-60A and SA349/2.
Investigation of rotor control system loads 1117are critical in the ﬂight envelopes of helicopters. The high-
speed ﬂights are close to the speed boundaries, which are lim-
ited by engine power. The high-thrust ﬂights are more chal-Table 1 Prediction of trim angles for sample rotors.
Rotor Advance ratio l Blade loading coeﬃcient CT/r Co
UH-60A 0.37 0.078 13.
0.24 0.130 12.
SA349/2 0.36 0.071 12.
0.34 0.125 14.lenging. Both rotors operate at Machugh’s stall boundary.17
Measured data from ﬂight tests15,16 and CAMRAD II re-
sults2,18 are used for validation.
The property data and structural parameters of the two ro-
tor blades are obtained from two NASA reports.16,19 The mea-
sured equivalent root stiffness of 1795 NÆm/() is used for the
UH-60A pitch link.18 The linear damping value of 65381 N/
(m/s) is used for the dampers of UH-60A.18 The equivalent ser-
vo stiffness values of UH-60A are 1.47 · 107 N/m,
0.55 · 107 N/m, and 0.47 · 107 N/m for the forward, after,
and lateral servos, respectively.20
3.1. High speed
The blade non-dimensional normal forces CnMa
2 and the
pitching moments CmMa
2 of the two helicopter rotors are
shown in Figs. 6 and 7 (Cn is the normal force coefﬁcient,
Cm the pitching moment coefﬁcient, andMa is the Mach num-llective h0 () Lateral cyclic h1c () Longitudinal cyclic h1s ()
8 3.5 8.5
9 6.4 7.3
4 2.3 7.1
8 3.2 5.7
Fig. 6 Non-dimensional airloads of UH-60A (CT/r= 0.078,
l= 0.37, r/R = 0.865).
Fig. 7 Non-dimensional airloads of SA349/2 (CT/r= 0.071,
l= 0.36, r/R = 0.880).
Fig. 8 Structural loads of UH-60A (CT/r= 0.078, l= 0.37).
1118 T. Sun et al.ber). In these conditions, dynamic stall and blade vortex inter-
action (BVI) have not happened. The unsteady aerodynamicsis characterized by compressibility in the advancing blade.
There are good correlations for airloads of UH-60A blade sec-
tion at r/R= 0.865 between present analysis, experimental
data, and CAMRAD II results (see Fig. 6. r is the radial sta-
tion of the blade section, and R the rotor radius). For
SA349/2, the present analysis predicts better in the retreating
side than in the advancing side, and the main physical charac-
teristics of airloads are captured well (see Fig. 7). There are dis-
crepancies in phase and magnitude of the predicted airloads in
the outboard station (see Figs. 6 and 7). These are directly re-
lated to the couplings of three-dimensional ﬂow effects and
transonic effects in the blade tip, which are not incorporated
in the present model.
Figs. 8 and 9 show the time histories of pitch link and tor-
sion moments loads of the two rotors. It is shown that the pre-
dicted results are in good agreements with the UH-60A ﬂight
test data in both magnitude and phase. In general, the wave-
forms of torsion loads for SA349/2 are captured. The discrep-
ancies in phase are derived from the errors in airload
calculations.
Prediction results of swashplate servo loads for UH-60A are
also examined by the ﬂight test data as shown in Fig. 10. Good
agreements are obtained for all the three actuators. The 4/rev
and 8/rev harmonics which determine the waveform of servo
loads are predicted besides some discrepancies in phase.
3.2. High thrust
Dynamic stall is the dominating feature of airloads in highly
loaded ﬂight conditions. There are two stall cycles in the
retreating blade for UH-60A (see Fig. 11). The onset of
the ﬁrst relies on pitch control, and the second is caused
by the aeroelastic response of the blade. The overshoots of
Fig. 9 Structural loads of SA349/2 (CT/r= 0.071, l= 0.36).
Fig. 10 Swashplate servo loads of UH-60A (CT/r= 0.078,
l= 0.37).
Investigation of rotor control system loads 1119normal force and the break of pitching moment are cap-
tured by the present method. The differences between the
present analysis and the test data in phase and amplitude
of airloads for the second stall are due to inaccurate predic-
tion of the reattachment ﬂow after the ﬁrst stall. In the stea-
dy turn of SA349/2 (see Fig. 12), the stall cycle is not
apparent in normal force, but the break of pitching moment
in the retreating side is obvious. The small peak of normal
force at azimuth of about 320 is attributable to the oscilla-
tory torsion deformations which are caused by the shedding
of leading edge vortex. Unlike UH-60A, the forcing condi-
tions are not matched in the following azimuths and no
other dynamic stall ensues.
The present method makes satisfactory predictions in pitch
link loads for both rotors (see Figs. 13 and 14). For UH-60A,
the two stall cycles generate a 5/rev torsion loading, and act on
the pushrods (see Fig. 13). The CAMRAD IImodel may be sen-
sitive to 5/rev measured airloads, and the 5/rev components are
excited.18 The present analysis makes better predictions, but the
peak at azimuth of about 220 is neglected. The discrepancy is
derived from the calculations of blade aerodynamic moments
in the outboard station (see Fig. 11(b)). A similar situation with
a remarkable 4/rev harmonics loading occurs in the steady turn
of SA349/2 (see Fig. 14). The waveform is captured by the pres-
ent analytic method except the phase error in the fourth
quadrant.
The swashplate servo loads of UH-60A are shown in
Fig. 15. The main harmonics components of the servo loads
are captured in present analysis. The phase difference between
the measured data and the present analysis is about 15. The
discrepancies mainly attribute to the predictions of pitch link
loads in 3/rev, 4/rev, and 5/rev harmonics.4. Study of inherent physics
4.1. Angle of attack (AoA) in high-speed condition
In order to achieve high-speed forward ﬂight, there are two
prerequisites: high cyclic control angle and high pitch angle
of fuselage. High cyclic control angle will generate high-ampli-
tude periodic variation in the AoA. High pitch angle of fuse-
lage will make the rotor disk in strong down washing and
reduce the AoA. The effective AoA in the outboard station
(r/R= 0.865) of the UH-60A blade is decomposed and shown
in Fig. 16. It is made up of four factors: pitch control, inﬂow,
Fig. 12 Non-dimensional airloads of SA349/2 (CT/r= 0.125,
l= 0.34, r/R = 0.880).
Fig. 13 Rotor pitch link load of UH-60A (CT/r= 0.13,
l= 0.24).
Fig. 14 Rotor pitch link load of SA349/2 (CT/r= 0.125,
l= 0.34).
Fig. 11 Non-dimensional airloads of UH-60A (CT/r= 0.13,
l= 0.24, r/R = 0.865).
1120 T. Sun et al.blade elastic torsion, and motions of ﬂap and lag. The induced
inﬂow is weaker than the down washing caused by the high-
speed relative ﬂow and the highly negative AoA of the rotor
disk (about 7 for UH-60A). As a result, the variation of the
inﬂow-induced AoA with azimuths is dominated by sinusoiddependence, and has signiﬁcant effect in the retreating side.
The motions of ﬂap and lag compensate the inﬂuence caused
by the variation of the circulations, and the blade torsion feed-
backs apparently change the AoA in the advancing side. Cyclic
pitch control draws the largest portion and determines the var-
iation of the effective AoA.
4.2. Unsteady aerodynamic pitching moments
Fig. 17 indicates the overall distribution of blade pitching mo-
ments for UH-60A in high-speed conditions. In the outer
board of the blade, positive moments in the ﬁrst quadrant
and strong negative moments in the second quadrant are
apparent. There are two areas of positive pitching moments
in the retreating side. The one located at about 3/4 span is in-
duced by the increasing AoA in attach ﬂow, and the other one
is caused by reversed ﬂow in the blade root. It is observed that
the unsteady behavior of the rotor blade in high speed is dom-
inated by the airloads in the blade tip.
The aerodynamic characteristics of the outer blade portions
in the advancing side are strongly inﬂuenced by supercritical
ﬂow. In the ﬁrst quadrant, as the Mach number increases,
there is a region of supersonic ﬂow on the leading edge of
the upper surface and terminated by the shock wave. The suc-
tion in the leading edge induces a nose-up moment. As the
decreasing of the AoA, the supersonic ﬂow region of the upper
surface extends towards the trailing edge, and the second
Fig. 15 Swashplate servo loads of UH-60A (CT/r= 0.13,
l= 0.24).
Fig. 16 Distributions of sectional AoA for UH-60A in high-
speed conditions (CT/r= 0.078, l= 0.37, r/R = 0.865).
Fig. 17 Contours of non-dimensional pitching moments for
UH-60A (CmMa
2, CT/r= 0.078, l= 0.37).
Fig. 18 Measured chordwise pressure distributions for UH-60A
and SA349/2 in high-speed conditions (Azimuth w ¼ 101).
Investigation of rotor control system loads 1121supersonic pocket emerges on the lower surface after
approaching a higher Mach number. In the second quadrant,
the rapid descents of lift and moment occur while the shock
wave in the lower surface becomes stronger with the further
decreasing of the AoA. The backward movement of the pres-
sure center in the upper surface and the formation of the super-sonic ﬂow region in the leading edge of the lower surface
produce a nose-down moment (see Fig. 6(b), Figs. 17 and
18), and subsequently change the distributions of airloads
through the torsion feedback of the blade. If the torsion re-
sponse is strong enough, a negative AoA and a negative lift
Fig. 19 Distributions of generalized pitch force for UH-60A in
high-speed conditions (CT/r= 0.078, l= 0.37).
Fig. 20 Non-dimensional half peak-to-peak pitch link loads for
UH-60A and SA349/2.
Fig. 21 Comparison of harmonics magnitudes of servo loads for
UH-60A (C /r= 0.13, l= 0.24).
1122 T. Sun et al.loading will appear (see Fig. 6(a)). For SA349/2, the shock
wave in the lower surface never extends beyond 1/4 chord,
therefore the normal force does not reverse, but a negative mo-
ment arises (see Figs. 7 and 18). It can conﬁrm that the unstea-
dy pitching moments in high speed are initiated by cyclic pitch
control inputs which are used to balance the rolling motions of
a helicopter in forward ﬂight, and as a result there are similar
pitching loadings in blade outboard stations for both rotors in
high-speed conditions (see Figs. 6(b) and 7(b)).
4.3. Rotor pitch link loads
The main components of the pitch link load for UH-60A in
high speed are shown in Fig. 19 with the form of generalized
forces. The constituents caused by lift offset, ﬂap, lag, and
rotation hold large proportions. Fortunately, their total util-
ity is small because of the opposite phases and almost the
same amplitudes. For articulated rotors, centrifugal forces,
inertia forces, and lift are keeping dynamic equilibrium to
satisfy the constrain conditions in the rotor root. The forces
also experience the same offset as the pitching axis which is
mainly caused by blade lag. Both of these lead to the elim-
ination of most effects from the three aspects. The rest por-
tion is derived from the offset between the centroid and the
aerodynamic center of the blade. The inertia of rotor pitch
and blade torsion exerts a measure of inﬂuence. The integral
result of the blade’s sectional pitching moments along the
spanwise direction determines the waveform of the pitch link
load.
BVI plays a signiﬁcant role in the low-speed area. The
pitch link load coefﬁcients of the two helicopter rotors are
shown in Fig. 20. The peak of UH-60A pitch link loads at
the advance ratio of 0.05–0.10 (see Fig. 20) is caused by
the impulse loadings, which are introduced by the tip vortex
of the preceding blade. The impulse effects act on the push-
rods through two ways: impulse aerodynamics moments of
the blade and the inertia coupling between the ﬂap and the
pitch. The supercritical ﬂow on the outer board stations of
the advancing blade will be strengthened by the forward
ﬂight speed. In normal gross take-off weight, rotor pitch linkloads will grow rapidly as the advance ratio increases (see
Fig. 20).
In high-thrust conditions, the rotors operate at complicated
aerodynamic environments with transonic ﬂow, dynamic stall,
and BVI. By comparing with the control forces of the high-
speed conditions, there are higher peak-to-peak loadings and
more remarkable high-frequency components. It is distinct
that the pitch loadings in highly loaded forward ﬂight condi-
tions also reveal similar trends (see Figs. 13 and 14). The large
positive pitching loads in the ﬁrst quadrant are generated by
high collective pitch control. In the retreating side, the negative
pushrod forces are caused by the high AoA. The severe oscil-
latory pitch link loads in the forth quadrant are induced by the
coupling between dynamic stall and torsional deformations.T
Fig. 22 Effects of servo stiffness and swashplate inertia on pitch
link load of UH-60A (CT/r= 0.13, l= 0.24).
Investigation of rotor control system loads 11234.4. Swashplate servo loads
The swashplate plays the role as a ﬁlter in the transfer paths
of rotor loads. For a 4-blade rotor of UH-60A, only 4N/rev
and (4N± 1)/rev (N= 1, 2, 3, and so on) harmonics of
pitching loads in the rotation frame can pass through and
act on the servos. The dominated 4/rev servo forces are gen-
erated by 3/rev, 4/rev. and 5/rev harmonics of pitch link
loads. In high-thrust conditions, the servo loads are twice
than those in high-speed conditions for UH-60A (see Figs. 10
and 15). Just as mentioned previously, the two stall cycles
engender 5/rev harmonic pushrod loads with high magni-
tudes. The 5/rev pitching forces are the main sources of the
increment of the servo loads between high-thrust and high-
speed conditions. The inertia of the swashplate also has sig-
niﬁcant inﬂuence on the servo loads, especially for the
high-frequency harmonics of the forces. The mass of the disk
is set to zero to quantify the effects of swashplate dynamics
(see Fig. 21). About 30 percent of the 4/rev servo loads
and over 50 percent of the 8/rev harmonics forces are derived
from the swashplate inertia. The stiffness of the servos is a
key parameter, while the effects of the swashplate inertia
on the pitch link can be neglected (see Fig. 22). The pitch link
loads are recalculated by using 80 percent stiffness of all the
three servos. Lower stiffness of the servo actuators will intro-
duce more vibrational pitch forces.
5. Conclusions
A ﬂexible multi-body dynamics model which couples rotor
blades and a swashplate is established to predict both rotor
pitch link loads and swashplate servo loads in boundary ﬂight
conditions. It is shown that the predicted loads are in good
agreements with the ﬂight tests data and the CAMRAD II re-
sults for UH-60A and SA349/2. The inherent physics of rotor
control system loads are studied in details, and the conclusions
are summarized as follows:
(1) In high-speed conditions, the positive loads in the ﬁrst
quadrant with a rapid reversal in subsequent azimuths
depict the waveform of pitch link loads and torsion
moments. For articulate rotors, blade unsteady aerody-
namic moments dominate the pitch link loads. The cyc-
lic pitch control input generates the unsteady
aerodynamic pitching moments.(2) In high-thrust conditions, the large positive control
loads in the advancing side are attributed to high collec-
tive pitch input, and the nose-down loads in the retreat-
ing side are directly related to stall. The rapid
movements of the leading edge vortex lead to high-fre-
quency oscillatory torsion deformations.
(3) The swashplate servo loads are predominated by rotor
pitch link loads. The stiffness of swashplate servos has
considerable inﬂuences on rotor pitch link loads. The
dynamics of the swashplate apparently affects the
servo loads, but the effects on the pitch link loads
are much less.
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